Recently an oil-hydraulic system has been compact and high-pressurized and that causes the steep rise of the system temperature because of the small heat volume. When the system temperature has risen so much, characteristics of the working oil deteriorate and the system will be dangerous finally. It is very important to study a simple and precise way to predict the temperature rise of the system. The lost power rises the system temperature. Bondgraph method is convenient to predict power loss because the method is based on the concept of power transmission. Consequently, the Bondgraph method is very available to predict the system temperature rise of oil-hydraulic systems. The oil-flow dynamics with the heat generation mechanism was modeled one-dimensionally using ordinary differential equations by Bondgraph method, which is very convenient for modeling and simulation of heat generation. On the other hand, the heat transfer in the housing was analyzed three-dimensionally using the partial differential equation of heat conduction. The prediction of the temperature distributions were calculated effectively by coupling these two kinds of equation systems. In the present paper, this prediction method is applied to a real oil-hydraulic system. The simulation result was compared with the experimental results and they agreed very well.
INTRODUCTION
Recently an oil-hydraulic system has been made which is compact and high-pressurized. In high-load drive state as well as low-load drive state and long time drive state, the system temperature is apt to rise steeply because of the small heat volume, heat release area and large heat generation. As a result, temperature of working oil becomes higher, characteristics of working oil deteriorate and the system is finally dangerous. Therefore, it is important to predict heat generation and heat transfer in the system for secure drive. At all, it is necessary to verify result of design by experiments. As the experimental cost is high, however, it is expected to design using numerical calculation for low cost. In order to obtain heat characteristics of the system using numerical calculation, it is necessary to consider heat generation in oil passages and valves, heat conduction through the housing and heat transfer to the air, etc. So, for the designing this system, three dimensional modeling is necessary to predict the heat generation and heat transfer. However, the shape of the system is very complex and precise three dimensional modeling needs much calculating time. Hence, this long calculation time is not useful for designing. Studies on the heat generation and heat transfer in oil-hydraulic systems have been performed by many researchers. For example, Johansson et al. (1) investigated the temperature distribution in an aerospace actuation system. Yamamoto et al. (2) studied the heat generation and temperature distribution in an oil-hydraulic system of a mobile crane. However in all of them based on one-dimensional modeling with lumped parameter systems, the prediction of the temperature distribution is not enough accurate for design a real system and components though it is important to know roughly the characteristics of the system. In this study, the oil-flow dynamics with the heat generation mechanism was modeled one-dimensionally using ordinary differential equations by Bondgraph method, which is very convenient for modeling and simulating of heat generation because the method is based on the power transmission. On the other hand, the heat transfer in the pump housing was analyzed three dimensionally using the partial differential equation of heat conduction. The prediction of the temperature distributions were calculated effectively by coupling these two kinds of calculation systems. In the present paper, this coupled method is performed in a simple model such as an oil-pipe. Then, this method is applied to a real oil-hydraulic system which consists of pipes and a pump etc. Comparing calculation results with experimental results, verifies this method in the system.
METHOD OF COUPLED ANALYSIS
Model of heat balance A pipe is a basic and indispensable component in an oil-hydraulic system. Temperature of each pipe component is simulated by heat balance among the heat generation in the component, the heat transfer from the pipe wall to the internal oil and heat transportation between the neighboring components of the pipe. The diagram of this heat balance is shown in Fig. 1 . In this figure, subscript i indicates the index of a pipe component, i-1 indicates the index of the upstream side component and i+1 indicates the downstream side component. Assuming that working oil dose not work to the outside of the pipe component i, rate of internal energy increase is expressed as follow.
Temporal energy change in the pipe component i using its temperature is expressed as follow.
It is assumed that working oil is incompressible fluid, following equation is derived from equation (1) and (2).
where, subscript n indicates iteration time. In the above equation, the first term of right-hand side indicates lost power or heat generation based on pressure loss in the pipe component i, the second term indicates heat transportation from the upstream side component, and the third term q & indicates expressed by the following equation.
where, the first term of right-hand side is heat transfer between inner wall of pipe and working oil effects and the second term is heat conduction between neighboring components of pipe.
Method of data-exchange
For the coupled calculation, the temperature data are exchanged between Bondgraph-program (Here after BG-Program) and FEM-program at the interface such as the pipe inner wall surface. This technique is illustrated in Fig. 2 Table 3 shows parameters used in this analysis. 
Bondgraph model of the oil passage
The Bondgraph model which is expresses an oil passage is shown in Fig. 4 . In this figure, SF element corresponds to the inlet velocity as the boundary condition, SE element to the outlet pressure similarly, C elements to the volume effect of working oil and R elements to the pressure loss which causes heat generation by the wall friction. One component of pipe inside is represented by a pair of C and R elements. In this model, the pipe inside is divided into four components. In this case, the inertial effect of the oil column is ignored.
Characteristic equations in C and R elements are represented as the Eqs. (5) and (6), respectively. . In this calculation, mesh type is tetra-mesh, the number of elements 32000, and that of nodes 7000. The result through this coupled calculation technique (hereafter FEM&BG) is compared with result of CFX-5. 
Results

THERMAL ANALYSIS OF REAL SYSTEM
Real system Fig. 6 shows a real circuit for this study. This system consists of an axial piston pump, pipes and a cylinder. Highly-pressurized working oil flows from the pump to the cylinder through pipes ① and ③. The working oil with low pressure in the cylinder flows out from the cylinder rod chamber to the pump through pipes ④, ⑦ and ⑧. In this analysis, the supplied pressure balances load of the cylinder so that the cylinder rod keeps the same position. In this driving state, working oil dose not flow in the high pressure side (pipes ① and ③). Consequently, working oil circulates in the leakage pipe (⑤ in Fig. 6 ), a valve (⑥ in Fig. 6 ), the low pressure side (⑦ in Fig. 6 ) and return line of the circuit (⑧ in Fig. 6 ). System dynamics of working oil is considered in ⑤, ⑥, ⑦ and ⑧, modeled using Bondgraph. The pump housing is modeled using FEM. Bondgraph model Fig. 7 shows a system Bondgraph model of dynamic characteristics of the working oil in ⑤, ⑥, ⑦ and ⑧. Table 2 shows characteristic equations which are used in each element of Bondgraph. In addition, LOAD in the Table 2 changes temporally, and the detail of the LOAD is shown in Table 3 . Table 2 BG-elements and their characteristic equations
LOAD
Pump Cylinder
FEM model
The housing of the axial piston pump is modeled using FEM. The grid of its pump is shown in Fig. 8 . The number of elements and nodes are 22,600 and 5,600, respectively.
Analysis condition Torque loss in the pump
Because mechanics of the axial piston pump is very complex. The component and the inside working oil are integrated as a one heat source as the simple model. The axial piston pump generates torque loss which is caused by mechanical friction loss and fluid loss. This torque loss is expressed by following equation.
In the above equation, the first and second term of right-hand side indicates viscous friction loss and the mechanical friction loss, respectively.
Heat release from the pipe
Oil flows inside of the pipe due to leakage from the axial piston pump. So, heat transfer (Nusselt number) from the working oil to the pipe housing is expressed by following equation. 
Eq. (9) is empirical formula which means heat transfer by natural convection for the circular shape. Grashof number in Eq. (9) is calculated by following equation. 
Heat conduction of the pipe housing is ignored in this analysis because, its thickness is only 1.0[mm]. But, heat capacity of the pipe housing is considered in this calculation. Table 3 shows parameters used in this analysis. Fig. 10 shows flow late of leakage which is generated from the pump. In this figure, black line shows numerical analysis result and gray line shows experimental result, respectively. Abscissa and ordinate axes are time [min] and leakage [cc/min], respectively. In these results, leakage from the pump increases as time advances until 190 [min] . After that, decreasing load of the cylinder, leakage of the pump decreases due to pressure of the pump decreases. These results are agreed very well.
CONCLUSIONS
In this study, the housing of the axial piston pump is modeled by FEM and dynamic characteristic of working oil is modeled by Bondgraph method. And a new analysis method coupling BG-and FEM-program has been proposed. In this study, calculation results agree well with the experimental results. So, the proposed coupled analysis has been verified useful. This coupling calculation technique can save much computing time than that through a commercial code. It can effectively be applied to solve system dynamics and heat problems in many real oil-hydraulic systems. 
